Pyoverdine is the main siderophore secreted by fluorescent pseudomonads to scavenge iron in the extracellular environment. Iron uptake, however, needs to be tightly regulated, because free iron stimulates the formation of highly toxic oxygen derivatives. In the opportunistic pathogen Pseudomonas aeruginosa, the transcriptional regulator OxyR plays a key role in the upregulation of defense mechanisms against oxidative stress as it stimulates the expression of the antioxidant genes katB, ahpB and ahpCF after contact with oxidative stress-generating agents.
Introduction
Pseudomonas aeruginosa belongs to the Gammaproteobacteria and inhabits various ecological niches, partly due to its capacity to use a great variety of nutrients. This nosocomial pathogen shows resistance against many antibiotics and is responsible for the infection of immuno-compromised individuals, cystic fibrosis patients and patients suffering from burn injuries (Govan & Deretic, 1996) . Although capable of anaerobic respiration using nitrate (NO 3 À ) as the final electron acceptor, P. aeruginosa generates metabolic energy through aerobic respiration (Williams et al., 2007) . During this membrane-associated process, involving the net four-electron reduction of molecular oxygen (O 2 ) to water (H 2 O), reactive oxygen species (ROS), such as hydrogen peroxide (H 2 O 2 ), the superoxide anion (O 2 À ) and the hydroxyl radical (OH ), are formed due to uncontrolled electron transfers (Williams et al., 2007) . Accumulation of these toxic oxygen derivatives damages the DNA, proteins and membranes (reviewed by Storz & Imlay, 1999) . When present in a host, P. aeruginosa is faced with immune defense systems producing a variety of ROS in addition to several antimicrobial compounds and nitrogen derivatives. Iron ions (Fe  21 and Fe   31 ) stimulate, via the Fenton reactions, the formation of the most hazardous OH . As a response to these harmful oxygen derivatives, bacteria need to be equipped with defense mechanisms to detoxify ROS in order to ensure survival of the cell. Pseudomonas aeruginosa produces two superoxide dismutases (Mn-cofactored SodA and Fe-cofactored SodB), which represent the first-line defense against the O 2 À anion, converting it to H 2 O 2 , while three catalases (KatA, KatB and KatE) protect the cell against H 2 O 2 . Finally, four alkylhydroperoxide reductases (AhpA, AhpB, AhpCF and Ohr) detoxify H 2 O 2 and several organic peroxides (Hassett et al., 1992; Ochsner et al., 2000) . In many bacteria, the oxidative stress response is regulated by the LysR-type regulator OxyR. This 34 kDa redox sensor binds DNA as a dimer or a tetramer using a helixturn-helix motif of binding (Tartaglia et al., 1992; Choi et al., 2001) . In P. aeruginosa, activated OxyR (encoded by PA5344) stimulates the expression of katB, ahpB and ahpCF, encoding catalase and alkyl-hydroxy peroxidases, respectively (Ochsner et al., 2000) . Besides a crucial role in upregulating oxidative stress defense, OxyR contributes to the virulence of P. aeruginosa, as demonstrated in rodent and insect models, but also increases resistance to human neutrophils and contributes to the production of exotoxins (Lau et al., 2005; Melstrom et al., 2007) .
Iron is an essential micronutrient for most living organisms and, as a response to iron limitation, many aerobic microorganisms produce and excrete high-affinity Fe 31 -chelators, termed siderophores (Neilands, 1995; Braun, 1997; Braun & Killmann, 1999) . Pseudomonas spp. produce a fluorescent, yellow-green pyoverdine, which is composed of a dihydroxyquinolone chromophore and a variable peptide chain, and often a second siderophore, such as pyochelin in the case of P. aeruginosa (Meyer, 2000; Cornelis & Matthijs, 2002; Ravel & Cornelis, 2003; Cornelis et al., 2007; Visca et al., 2007) . Specific receptors in the outer membrane ensure highly efficient ferrisiderophore uptake (De Chial et al., 2003; Ghysels et al., 2004) . Iron is released from pyoverdine, probably in the periplasm, by a still uncharacterized ferripyoverdine reductase and is believed to be transported to the cytoplasm via an ABC transporter in the inner membrane while pyoverdine is recycled to the environment to scavenge iron again (Greenwald et al., 2007) . Besides a primary role in active iron uptake, pyoverdine is both a signal molecule and an important virulence factor, because pyoverdine-negative mutants are nonvirulent in a mouse pathogenesis model and unable to form mature biofilms (Meyer et al., 1996; Lamont et al., 2002; Patriquin et al., 2008) .
This study reveals a link between pyoverdine-mediated iron uptake and oxidative stress in P. aeruginosa, because the lack of OxyR impairs pyoverdine utilization, growth in lowor high iron media, but not production or uptake of pyoverdine via the FpvA receptor.
Materials and methods

Bacterial strains and media
The bacterial strains and plasmids used in this study are shown in Table 1 . Bacterial cultures were grown with aeration at 37 1C for P. aeruginosa strains in an iron-poor casamino acid (CAA) medium, in CAA containing 0.5 mg mL À1 of the strong Fe
31
-chelator ethylenediaminedihydroxyphenylacetic acid (EDDHA) and in nutrient-rich Luria-Bertani (LB) medium (Cornelis et al., 1992) . Antibiotics were added to the oxyR mutant at the following concentrations: spectinomycine 200 mg mL
À1
, gentamycine 100 mg mL À1 and chloramphenicol 300 mg mL
. Escherichia coli strains were grown at 37 1C in LB with the appropriate antibiotics: ampicillin 100 mg mL À1 and chloramphenicol 50 mg mL
.
Physiological characterization
Growth was analyzed in microtiter plates containing 300 mL medium (CAA, CAA with EDDHA 0.5 mg mL
À1
, with added FeCl 3 , or LB), to which an inoculum from precultures in the exponential phase containing 10 5 or 10 2 cells was added. These microtiter plates were incubated for 40-60 h at the optimal growth temperature in a Bio-Screen C incubator (Life Technologies) using the following parameters: shaking for 20 s per 3 min and recordings of readings every 30 min. Each culture was realized in triplicate, and each experiment was repeated three times. Pyoverdine production was determined by measuring the A 400 nm (Shimadzu spectrofluorimeter) in the supernatant and normalized by a biomass unit expressed as OD 600 nm of the culture (Höfte et al., 1993) . Measurements are means of three independent measurements.
Oxidative stress assay CAA and CAA containing 100 mM FeCl 3 plates were inoculated with 5 mL of a preculture containing 10 8 cells, which were poured off to obtain a continuous cell layer. After the surface of the cell layer had dried, 5 mL of a H 2 O 2 30% v/v stock solution was spotted in the center of the plate. After overnight incubation, the diameter of the halo, which is a measure of the sensitivity to oxidative stress, was measured. Data are means of three independent measurements.
Reverse transcriptase (RT)-PCR analysis
10
9 cells were collected from cells grown overnight in LB medium and RNA was purified, using the High Pure RNA purification kit (Roche). To avoid DNA contamination, the purified RNA sample was mixed with binding buffer and again applied on the column so that DNAs treatment could be repeated and the DNAs could be removed. cDNA, with the total RNA as a template, was synthesized using the firststrand cDNA synthesis kit (Qiagen). PCR was performed on cDNA using specific primer sets. The primers were designed to amplify cDNA of oxyR (PA5344), recG (PA5345), sadB (PA5346), fpvA (PA2398), fptA (PA4221) and oprL [PA0973, as a housekeeping gene control; Lim et al. (1997) ] and are listed in Table 2 .
Complementation with oxyR
The oxyR gene was amplified using primers pBBRoxyRFwHindIII (annealing at the beginning of the PA5343 gene, which is transcribed in the opposite orientation) and pBBRoxyRRv-XbaI (Table 2) , followed by a treatment with a DNA purification kit (Sigma). This fragment, containing the oxyR gene with its own promoter, and the pBBR-MCS1-vector were digested with restriction enzymes HindIII and XbaI (Fermentas) and ligated overnight with T4-DNA ligase (Fermentas). Afterwards, the ligation mixture was used to transform E. coli DH5a and positive, white clones were selected. The construct was confirmed with PCR and introduced in E. coli S17.1 in order to perform a conjugation with P. aeruginosa wild-type and Pa::oxyR. Pseudomonas aeruginosa colonies containing pBBR-MCS1-oxyR and hence the oxyR gene in trans were selected on a medium containing 300 mg mL À1 chloramphenicol.
Uptake of [ 59 FeCl 3 ]-pyoverdine
Uptake of [ 59 FeCl 3 ]-pyoverdine was determined by a method as described by Cornelis et al. (1989) . Briefly, 59 FeCl 3 in 0.5 M HCl (Perkin Elmer; specific activity 4 5 Ci g À1 ) was complexed with pyoverdine type I following incubation with cells grown to the exponential phase in an iron-poor succinate medium. After incubation, samples were filtered rapidly onto membranes (pore size, 0.45 mm; Millipore) and washed twice with a nitrogenfree succinate medium. Cell-associated radioactivity was counted via the Cerenkov effect.
Results
Growth defects of the P. aeruginosa oxyR mutant
Our interest in oxyR has its origin in an observation made by screening mini-Tn5 transposon mutants of P. fluorescens ATCC 17400 that were impaired in the utilization of pyoverdine. Two such mutants were found, which were unable to grow in the presence of the strong Fe
31
-chelator EDDHA and pyoverdine. Both mutants had a transposon insertion in oxyR (results not shown). We therefore decided to further investigate whether the same phenotype was present in an already constructed P. aeruginosa PAO1 oxyR mutant (Ochsner et al., 2000) . Similar to the P. fluorescens oxyR mutant, Pa::oxyR was unable to grow under the condition of extreme iron limitation imposed by the presence of the strong Fe 31 -chelator EDDHA in the CAA medium (Fig. 1a) . Furthermore, growth of P. aeruginosa oxyR in CAA containing EDDHA could not be restored by adding pyoverdine of PAO1 (type I), while it could restore the growth of a pyoverdine and a pyochelin-negative mutant (Fig. 1b) . Pyochelin, the second siderophore of P. aeruginosa, was not able to compensate for the absence of pyoverdine production, due to its lower affinity for iron compared with EDDHA (Meyer et al., 1996) . To confirm that this defect in pyoverdine utilization was due to the inactivation of the oxyR gene and not due to a polar effect of the mutation on the expression of the downstream recG gene, we introduced the oxyR gene in trans into the pBBR vector and observed a restoration of the growth in the presence of EDDHA (Fig.  1a) . Furthermore, RT-PCR analysis confirmed that the insertion of the gentamycine cassette into the oxyR gene did not affect the transcription of the downstream recG (PA5345) or sadB (PA5396) genes as shown in Supporting  Information, Fig. S1 . Addition of bovine catalase to the medium containing EDDHA also restored the growth of the P. aeruginosa oxyR mutant, suggesting that the production of H 2 O 2 is the major reason for the inability to grow under conditions of extreme iron limitation imposed by the presence of EDDHA in the medium (Fig. 1c) . Interestingly, the presence of catalase also improved the growth of the wild type under these conditions.
Influence of the inoculum size on growth in lowand high-iron media
EDDHA is known to cause extreme iron deficiency. Therefore, we decided to investigate whether the oxyR mutation influenced growth at intermediate levels of iron deprivation. Growth of wild type and oxyR was comparable in CAA medium and in CAA containing different levels of iron (1-50 mM) when the inoculum size was large (corresponding to a starting OD 600 nm of 0.01 as shown in Fig. 2a) . However, when a 1000-fold lower inoculum size was used, a clear difference was noticed as shown in Fig. 2b . Under these conditions, oxyR did not grow at all in CAA medium (low iron) and growth was clearly stimulated by addition of iron, up to 2 mM. However, at concentrations above 5 mM, iron became toxic for the oxyR mutant and no growth was observed at a concentration of 50 mM iron.
Sensitivity to oxidative stress and plating efficiency
The plating efficiency of wild-type P. aeruginosa is reduced in the presence of EDDHA in the CAA medium, but it is increased considerably when the plasmid containing oxyR is present in the cells (compare rows 1 and 4 of the inset of Fig. 3a) . The oxyR mutant could not grow at all on plates containing EDDHA, even at the highest cell density (row 2 of Fig. 3a) , confirming the results obtained in liquid medium. Again, complementation with oxyR in trans restored the capacity of the mutant to grow on CAA1EDDHA (Fig. 3a,  row 3) . To exclude the possibility that the absence of growth in the presence of EDDHA is due to a degradation of the pyoverdine due to the presence of H 2 O 2 , we also tested the biological activity of the pyoverdine produced by the oxyR mutant. The biological activity of the siderophore was maintained as demonstrated by the stimulation of the growth of a pyoverdine-and pyochelin-negative P. aeruginosa mutant in CAA-containing EDDHA (results not shown).
Growth of the oxyR mutant in solid CAA medium containing 100 mM FeCl 3 was almost unaffected and its plating efficiency diminished only slightly (Fig. 3a, rows 1 and 2 for the wild type and the mutant, respectively), in contrast with what we observed in liquid medium, as discussed below (Fig. 2b) .
When the sensitivity to oxidative stress generated by externally added H 2 O 2 was compared in CAA and ironcontaining CAA medium, no difference was found (Fig. 3b) . This result indicates that iron present in the medium affords no protection against externally added H 2 O 2 .
Production of pyoverdine and uptake of ferripyoverdine
The oxyR mutant produces pyoverdine almost like the wild type (Fig. 4a) and was found not to be defective for the uptake of radioactive ferrisiderophore were noted (Fig. 4b, 4 3000 c.p.m. for both strains after 30 min, 16 and 14 pmol of Fe for the wildtype and the oxyR mutant, respectively). As negative control, we used an fpvA fpvB double mutant (Ghysels et al., 2004) unable to produce both the primary (FpvA) and the secondary (FpvB) ferripyoverdine receptors (Fig. 4b, o 200 c.p.m. incorporated after 30 min, corresponding to 0.6 pmol). Furthermore, expression of the fpvA receptor gene (Fig. 4c, lanes 11 and 12) was confirmed and found to be similar for both the mutant and the wild type. The same held true for the fptA pyochelin receptor gene (Fig. 4c, lanes 6 and 7) , but the level of expression was lower than for fpvA. Furthermore, the production of ironrepressed outer membrane proteins (IROMPs) was the same in the wild type and the oxyR mutant (Fig. S2) .
Discussion
Under aerobic conditions, the facultative anaerobe P. aeruginosa is faced with oxidative stress and iron limitation.
Uncontrolled electron leakage from the respiratory chain to oxygen occurs, however, and results in the formation of ROS. Moreover, iron uptake needs to be tightly regulated to prevent oxidative damage, because free iron participates in the Fenton reactions, stimulating the formation of the destructive and short-lived OH (Braun, 1997) . For this reason, a downregulation of iron uptake could be an adaptive response of aerobic microorganisms during oxidative stress. Zheng et al. (2001) demonstrated that in E. coli, OxyR upregulates the ferric uptake repressor (Fur) and downregulates the ferrisiderophore reductase FhuF. Our study confirmed a relationship between iron uptake systems and oxidative stress defense mechanisms in Pseudomonas as we observed a link between pyoverdine-mediated iron uptake and the oxidative stress regulator OxyR in P. aeruginosa because inactivation of this transcriptional regulator impairs utilization of ferripyoverdine and iron acquisition despite the fact that pyoverdine is still produced and taken up via the FpvA receptor (Fig. 4b) . We originally found this phenotype in P. fluorescens ATCC 17400 where two Tn5 mutants unable to grow in the presence of pyoverdine and EDDHA had an insertion in the oxyR gene (results not shown). We hypothesize that this phenomenon could be due to a partial degradation of iron-sulfur clusters in a still uncharacterized ferripyoverdine reductase, necessary to release and reduce iron(III) from pyoverdine. A similar link has been reported for E. coli, where oxidative stress impairs ferrisiderophore-mediated iron uptake through damage to iron-sulfur clusters in a cytoplasmic siderophore reductase FhuF (Matzanke et al., 2004) . According to this hypothesis, we can expect that, when oxidative stress is lowered, pyoverdine-mediated iron uptake is restored. This was confirmed, because we could neutralize the pyoverdine utilization defect of Pa::oxyR by adding catalase in the medium (Fig. 1c) . When LB was used as a medium, a similar growth defect was observed both when the inoculum was coming from exponentially growing cells or from stationary-phase cultures, confirming the observation already made by Hassett et al. (2000) (results not shown). This growth inhibition was proposed to be due to the generation of ROS by components of the LB medium (Hassett et al., 2000; Panmanee et al., 2008) . In the CAA medium, little difference in growth was observed between the oxyR mutant and the wild type when large inoculum sizes were used, but at a low inoculum size, the growth of oxyR was restricted and was observed only between 1 and 20 mM iron (Fig. 2b) . Curiously, this inhibition was not seen in solid media because the plating efficiency of the oxyR mutant was stimulated considerably by the presence of iron in the medium (Fig. 3a) . We think that this discrepancy can be explained by the fact that on the plate, the neighboring wildtype cells will release the catalase KatA into the medium, destroying H 2 O 2 molecules as described previously (Hassett et al., 2000) .
Previous results from our group already established a similar link between oxidative stress and inhibition of siderophore-mediated iron uptake in pseudomonads, because the inactivation of the cytochrome c biogenesis gene ccmC resulted in increased oxidative stress and impaired utilization of ferrisiderophores (Baysse et al., 2003; Baert et al., 2008) . Our results partially explain why a P. aeruginosa oxyR mutant shows a decreased virulence in animal models (Lau et al., 2005; Melstrom et al., 2007) . Fe pyoverdine incorporated by wild type (black bars), oxyR mutant (gray bars) and the fpvA fpvB mutant deficient in ferripyoverdine uptake (white bars, shown only for 30 min), after 0, 10 and 30 min. The results are the mean of three measurements. (c) RT-PCR amplification of cDNA of wild type (lanes 2, 6 and 11) and oxyR mutant (lanes 3, 7 and 12) for oprL (lanes 2 and 3), fptA (lanes 6 and 7) and fpvA (lanes 11 and 12). Lanes 4, 5, 8, 9, 13 and 14 show the results of amplification directly on the extracted RNA to confirm the absence of DNA contamination. Lanes 1 and 10 correspond to the Eurogentec Smart Ladder (200 bp-10 kb).
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